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An investigation of the EM-1 glider, which has approximately 
triangular plan form, airfoil sections simi-lar to the NACA 0015*64, 
an aspect ratio of 1.8, and a 60 ° swept -hack leading edge, has heen 
conducted in the Langley full-scale tunnel, together with auxiliary 
studies of -scale model triangular wings, carried on in 


the — -scale model of the full-scale ttinnel. 

15 


The W-I-l glider was 


desi^^ed as part of a German research program directed toward the 
development of a supersonic airplane. The glider had a maximum lift 

coefficient of 0 . 60 , whereas the --acaJ.e model tests gave a maximum 

lift coefficient of approximately 1.0. The addition of sharp leading 
edges to the DM-1 glider Increased its maximum lift coefficient 
to 1.01. Removing the vertical fin from the glider, sealing the 
large control -halsnce gaps, and installing a semispan sharp leading 
edge increased the maximum lift coefficient to 1.24. It is concluded 
from these tests that the airfoil sections having sharp leading edges 
or small leading -edge radii, which are believed to he desirable for 
supersonic flight, will also have acceptable and perhaps superior 
low-speed characteristics when used in highly swept -back wings. 


The flow over triangular wings of low aspect ratio at low scale 
is characterized by vortices above the upper surface of the wing, 
inboard of the tips. These vortices aid in obtaining high maximum 
lift coefficients, and they can be produced at large scale by using 
tiirfoil sections having sharp leading edges . 

It appears that with triangular wings of aspect ratio of about 2 
maximum lift coefficients of the order of 1.2 can be obtained. The 
corresponding angles of attack, howevei’, are likely to be considerably 
larger than those for existing conventional airplanes. Furthermore, 
since the lift -drag ratio approaches 1, the an^gles of descent without 
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power are likely to "be prohibitive and airplanes using this type of 
wing probably will not land safely without power. 


IKTOODUCTION 


Reseai’ch directed toward the attainment of supersonic flight has 
led to interest in the high-speed characteristics of wings of high 
sweep and of low aspect ratio. At present, however, there is only 
limited fvill-scale data on the maximum lift and stalling charac- 
teristics of such wings . An investigation of the IM-1 glider, which 
was designed in Germany as a part of a research program directed 
toward the development of a supersonic airplane, ■vrets made in the 
Langley full-scale tuimel to obtain information on the characteristics 
of an airplane coni'iguration having an approximately triangular plan 
form. The first teats of the DM-1 glider in the LangD.ey full-scale 
timnel disclosed that the maximum lift coefficient of the glider 
was considerably lower than had been indicated by previous small- 
scale tests of similar configurations at DVI. in Germ/.^ny and in 
several tunnels in the United States (see reference l) . The program 
was thorofore interrupted and an Investigation to determine the 
cause of the low maximum lift was undertaken. The present paper 
includes a detailed account of the steps leading to the use of a 
sharp leading edge to improve the maximum lift coefficient, a 
discussion of the aerodynamic phenomena involved, and curves showing 
the aerodynamic characteristics of several modifications of the 
DM-1 glider. 


8YMB0IS 


a angle of attack, degrees 

lift coefficient 

Cjjj pitching -moment coefficient 

Cjj ' drag coefficient 
A aspect ratio 
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EQUIPMENT AND TESTS 
DM-1 Glider and Modifications 


The 134 “1 glider was designed as one step in a Gennan research 
program directed toward the deveJ.opment of a supersonic airplane. 

The eventual airplane 'vras to have heen powered with a jet engine. 

The DM-1 glider had no power and was intended primarily for the 
investigation of the fi.ying characteristics at high angles of 
attack. 

The DM-1 glider had an approximately triangular plan form, 
airfoil sections similar to NACA 0015-64, an aspect ratio of 1.8 
and a. 6o° swept -back leading edge. It was constructed almost 
entirely of woodj the skin was ^ -inch three-ply birch plywood 

and the spars and ribs were of conventional box -beam construction. 

The principal dimensions of the glider are given in figure 1(a) 
and table I. General views of the glider mounted on the full -scale - 
tunnel balance supports for tests are shoim in figure 2. The glider 
as received was equipped with a rudder for directional control and 
elevens for lateral and longitudinal control. Details of these 
svirfaces are also shown in figure 1(a) and table I. The balance 
on the control surfaces was similar to other elliptical overhung 
control balances. The balance gap was relatively large, however, 
and the shape of the wing just ahead of the balance gap was elliptical. 
A typical section through the control surface and the rear parlt' 
of the wing is shown in figxxre 1(b). 

Tile basic configuration for the investigation was the original 
DM-1 glider, which had the control -balance slots open and the large 
vertical fin on. The first modification made to Improve the maximm 
lift characteristics was the addition to the wing of the semispan 
sharp leading edge shown in figure 1(b). Next, the vertical fin tos 
removed which left the glider as shown in figiH*es 2(b) and 2(c). The 
three configurations tested with the vertical fin removed were: 

(1) Glider wing with control-balance slots open 

(2) Glider wing with control— balance slots sealed to prevent air 
flow through them and faired over on the upper siirface 

(3) Same as configuration (2) with the sharp leading edge added 
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Small-Scale Models 

As a further aid in the study of the characteristics of the 
flow over the DM-1 glider, two triangular -wing models, one having 
airfoil sections I5 -percent thick and the other having very thin and 

sharp -edge sections, were constructed for tests in the --scale model 

15 

of the Langley full-scale tunnel (reference 2). These models were 
not exact scale models of the DM-1 glider, hut had the same aspect 
ratio, the same ratio of model size to tunnel size, and slightly 
greater sweephack. 


Tests 

The aerodynamic characteristics of each glider configuration 
were determined tliroughout the angle -of -attack range at zero angle 
of yaw. The tunnel airspeed for the full-scale tests was limited to 
approximately 45 miles per houi’, because of the light structure 
inside the glider that was available for connection with. the model 
supporting struts. This airspeed corresponds to a Reynolds number 

of 4.5 X 10 based on the mean geometric chord of 10. 97 feet. For 
each of the glider and model configurations investigated, the di- 
rection of the flow and the progression of the stall, as indicated 
by wool yarn tufts attached to the wing, were determined. Obser- 
vations of the flow were also made by^ use of zinc chloride smoke . 

The direction and nature of flow over the model wings were observed 
with a single wool streamer attached to the end of a hand-held probe. 


MAXIMUM-L.IFT INVESTIGATION AND PTOVJ STDDIES 


The variations of tho pitching -moment coefficient, the drag 
coefficient, aaid the angle of attack with lift coefficient for the 
basic configuration are showi by the curves labeled "Original IXvl-l 
glider " in figure 3 • The maximum lift coefficient was approximately 
0.6 and the accompanying stall, as indicated by the tuft svirveys 
(fig. 4 (a)), progressed inward from the tips in much the same 
manner as the stall of conventional wings of high taper ratio. 

The maximum lift coefficient was about 0.3 less than was indicated 
by low -scale wind-tunnel tests of various triangular wings and 
triangular flat plates having about tho same aspect ratio. (See 
references 1 3. and 4.) Moreover, the wing stalled at an angle of 
attack of 18 , whereas the low-scale tests indicated that the stall 
angle would be about 40°. Some fundamental difference between the 
flow over the full-scale wing and the flow over the model wing 
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appeared to exist. 

The investigation of the flov over the -scale models in the 

15 

model tunnel showed^ in agreement with references 1, 3, s^nd 4, that 
the wings stalled at angles of attack near 4o°, and there was no 
particular evidence of tip stalling at angles of attack helow 
maximum lift. Furthermore, there was no significant difference in 
the flow for the sharp -edge thin section and for the I 5 -percent 
thick wing. The flow for these model wings was characterized hy 
two vortices, which originated at the apex of the triangle and 
increased in size as they passed downstream, with their cores 
located above the upper surface of the wing and inboard of the tips . 

Tuft surveys and smoke -flow studies made of the full-scale 
DM-1 glider showed that no vortex flow such as that for the — - -scale 

15 

model existed above the upper surface of the wing. The only vortices 
present were the usual ones originating at the vn'ng tips . Diagrams 
for the flow patterns over the full-scale DM-1 glider and the 

-^-scale models are shown in figure 5- Ike reason for the fundamental 

15 

difference between the flow patterns is believed to be as follows: 
According to the theory of reference 5, the flow about a triangular 
wing can be represented as the sum of a cross component, which at 
each transverse section is approximately the theoretical two-dimensional 
flow about the section (see fig. 5(1^))/ and the longitudinal component. 
In general, such a two-dimensional transverse flow cannot exist, 
because of the boundary -layer separation around the highly curved' 
edges; however, when the longitudinal velocity component is combined 
with the transverse component, the boundary layer follows an easy 
CTATve around the leading edge as indicated in figure ^{e.) and is 
not necessarily forced to separate. For either the actual glider or 
the small models, it is expected that, even at low angles of attack, 
the boiondary layer in this flow around the leading edge could not 
withstand the adverse pressure gradient just behind the leading edge. 

For the full-scale glider, any separation of the laminar layer would, 
however, merely induce transition to a turbulent layer, which 

eventually would separate near the trailing edge. On the -scale 

^5 

model, however, such transition does not occur, because of the low 
Eeynolds numbers. (See reference 6.) Hence, the flow separates 
completely near the leading edge, and the cross component takes on 
the appearance of figure 5(<i) . When the longitudinal component of 
the velocity is superimposed, the trailing vortices are formed 
above the upper surface of the model wing, as indicated in 
figiure 5(c) . Similar vortices have been observed at the side of 
a rectangular flat plate by Winter (reference 7 ). The actual stall 
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possltly occurs at the angle of attach for vhich a stream line of 
the flow off the leading edge fails to curve over enough to meet 
the upper surface of the wing again before it trails downstream. 

It appeared that if the vortex action could be produced on the 
full-scale glider, large gains in the maximum lift coefficient 
would result. Inasmuch as tiie phenomenon was attributed to a 
separation at the leading edge of the wing, it was decided to force 
this separation by providing the full-scale wing with a sharp leading 
edge. Preliminary investigations indicated that a 3 -inch strip of 
sheet metal projecting outward from the wing leading edge and 
extending half way along it (fig. 1 (b)) would produce the desired 
results. Smoke -flow observations and tuft surveys indicated that 
the large vortices originating at the apex of the triangle which 
were observed at low scale were then present over the full-scale 
glider. The aerodynamic characteristics for this configuration 
are shown in figure 3* The maximum lift was increased to a value 
of 1.01 at an angle of attack of 31°,* The drag coefficient was 
not increased any appreciable amount at low lift coefficients . 

The stable slope of the pitching -moment curve was reduced by the 
sha 3 rp leading edge, and the tuft surveys (fig. 4(b)) indicated a 
tendency toward tip stalling. 

The results obtained with this configuration, together with the 
exploratory work done at low scale had accomplished the origins,! 
objective of determining the reason for and correcting the low 
maximimi lift. However, inasmuch as both the unusually large control 
balance gaps and the large origina] vertical fin may also have been 
affecting the maximvm-lift characteristics of the airplane adversely, 
a further investigation was made to determine their effects and also 
to deteimine the influence of sharp leading edges on the maximum lift 
of the wing alone . . The results of this investigation are shown in 
figure 6 . The maximum lift coefficient, based on the wing area of 
the basic configuration increased to 0-92 when the verticaD. fin 
was removed. The lift curve still begins to break at a lift coef- 
ficient of about 0.6 and an angle of attack of. about 18 *^, as was the 
case with the fin on. Closing the eleven control -balance slots 
increased the meiximum lift coefficient to I. 05 . With the addition 
of the sharp leading edges, the highest maximum lift coefficient 
(1.24) was obtained- Tuft photographs for the three fin-off 
configurations are shown in figures 4(c) to 4(e). As was the case 
with the vertical fin on, the increases in drag coefficient at the 
low angles of attack due to the sharp leadin^j edges do not appetir 
significant. The sharp leading edges attached to the wing for these 
tests were not faired into the wing, and it is probable that a wing 
having sharp -leading -edge airfoil sections woifld have less drag. 

The maximum lift coefficient obtained for the optimum 
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configuration is in good agreement vith the model results ^ and 
with the low-scale results of references!, 3, an'3. 4. It is of 
interest, also, to note that according to the theory of reference 5 

= -A or 2.83 for the present case; whereas the experimental 
da 2 

value is only about 2.26. As pointed out in reference 5j 'the simplified 

dC-r 

theory overestimates -• for aspect ratios above 1 . 0 ; the value 

da 

given for elliptical wings by the more exact theory of Krlenes js 2.39 
for an aspect ratio of 1.8 (fig. 5 of reference 5 )- The slope of the 
lift curve (fig- 6 ) Increases from 1.8 at low angles of attack to 
approximately 2.26 and then decreases to 1.2 for angles of attack 

above 28°. The value of 2.26 was used in the preceding comparison, 
since it covers the atrs,ight-line part of the lift curve. 

In order to determine the usefulness of the imjcimum lift 
obtained, the values of the lift -drag ratio must be considered since 
this relationship determines the power-off rate of descent. At a 
lift coefficient of 1 . 0 , the lift-drag ratio ig 2 . 5 , which 
corresponds to an aiif^lo of descent of about 22 j.ind a rate of descent 
of 0.37 times the flight speed. At a lift coefficient of 1.2, the 
lift -drag ratio is I .5 ^JJid the corresponding angle fond rate of descent 

are 3^ 0.')6 times the flight speed, respectively . It is 

concluded that if any reasonable rate of descent is to be maintained 
for airplsnes with wings similar to that of the HVi -1 glider, it will 
be necessary' either to use power for landing or to restrict the design 
to relatively low wing loadings . 


CONCLUDING EEMAEKS 


The original DM-1 glider, which had approximately triangular 
plan form, airfoil sections somewhat similar to the NACA 0015*64, 
an 8 ,spect ratio of 1.8 and a 6o^ swept -back leading edge, had a 
maximum lift coefficient of O. 6 O. whereas-— - scale tests of a similar 

15 

configuration gave a maximijm lift coefficient of approximately 1 . 

The addition of sharp lea.ding edges to the original DI4-1 glider 
increased the maximum lift coefficient to 1.01. Eemovirig the vertical 
fin from the glider, sealing the large control -balance gaps, and 
installing a semispan sharp leading edge, increased the maximm 
lift coefficient to 1.24. It is concluded from these tests that the 
airfoil sections having sharp -leading edges or small leading-edge 
radii which are believed to be desirable for supersonic flight, will 
also have acceptable and perhaps superior low-speed characteristics 
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when used in highly swept -hack wings. 

The flow over triangulEtr wings of low aspect ratio at low scale 
is similar to that which H. Winter (see NACA TM No. 79^) observed 
over rectangular flat plates of low aspect ratio and is characterized 
hy vortices above the upper surface of the wing Inboard of the tips . 
The action of these vertices is favorable in maintaining orderly flow 
over the upper surface of the wing to very high angles of attack and 
thereby aids in obtaining relatively high maximum lift coefficients . 
At large Eeinolds nvimbers this vortex flow can be produced by using 
airfoil sections having sharp leading edges, or very small leading- 
edge radii. 

With triangular w'ings of aspect ratio of about 2, maximum lift 
coefficients of the order of 1.2 can be obtained. The corresponding 
angles of attack, however, will be considerably greater than those 
for conventional airplanes. Furthermore, since the lift -drag ratio 
is approaching 1, the angles of descent without power are likely 
to be prohibitive and airplanes using this type of wing probably 
will not land safely without power. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va. 


CONFIDENTIAL 


NACA RM No. l6K20 


CONFIDENTIAL 


9 


KEFEKENCES 


1. Shortal, Joseph A., and Maggin, Bernard: Effect of Sweepback 

and Aspect Ratio on I.ori^iitudinal Stabilitv Characteristics 
of Vfings at Low Speeds. NACA TN No. 1093 > 19^+6. 

2. Theodorsen, Theodore, and Silverstein, Abe: Experimental 

Verification of the Theory of Wind-Tunnel Boundary 
Interference. NACA Rep. No. kjS, 1934 . 

3 . Anon: Air Force and Moment for Gliding Wing. 

Rep. No. 677 Aerod. Lab., Dept. Aero., Washington Navy 
Yard, Aug. 21, 1943 . 

4. Lange and Wacko: Prufuericht iiber 3" und -6 Kcmpcnentenmessungen 

an der Zuspitzmgsreiche von Fliigoln. kleiner Streckung. 
Teilbericht: Drieckflugel. Uli Nr. 1023/5,. Deutsche 
LuftfahrT:forschung (Berlin -A dlershof ) , 1943- 

5. Jones, R. T.: Properties of Low-Aspect -Ratio Pointed Wings 

at Speeds below and above the Speed of Sound. 

NACA TN No. 1032, 1946. 

6. Jacobs, Eastman N. raid Sherman, Albert: Airfoil Section 

Characteristics as Affected by Variations of the 
Royno].ds Number. NACA Rep. No. 586, 1937 • 

J. Winter, H.: Flow Phenomena on Plates and Airfoils of Short 

Span. NACA TM No. 798, I936. 


CONFIDENTIAL 





„ >' 


I 

hi 


m 

ft 


' ' 

, . 


> t a'*-'* ,n 

''ini*. -• • i 'tji.'* -%• 


' 1 % • 


•"TO* -.r'ji tr^ 90 *' fn 


T ^.' * «*T^ 


..; it .,»■:::, K- .,»*r’v. 'if ,.i-;v 
'ui fj V*" <lf • -»0 ife- ♦ ' 'T.f f 


iStutut^ ^ l-r . 


. Se>'‘i4i4> J4inrK ftttJ# 't*»' t 1,’'.-. ti»ali , . j fj 

.-r UNor •♦<»..•»■ . i<T. . -Nl*i5 . 4f4jl •«•< ' "'i 




n >. f ie • % 4 w 

%r' t4!)f^ .ii n *^4,f »*'''» ■••;i ♦?'••'»•. •«wf ‘_fw'’'fc. JL 

T* ‘ *Jo*‘ wf ♦ i. -iirtff I i<t., '1 -#'>.#’*iP 50 

*’1 it’ ^ n ; 


ijr!" •» »!. "uJ ''tl ti 


•V* *i *»■ 


■■4t U‘ < -i» ^ . q*. . - rf-v ■ 1*1 

,krj- !•' ' ft *( 


lx 




v‘i. 1 . 








^ .-L, 


l.*t ir i 

.iM kt^. ... ir ,«t. .>41 


?irk>. I ftitnrruB-' 


; gl 


;f ’ fpl:' 

i ^ 1 ^ Wi j 

A»i' .’I t 1 *« »j|f ^ " 


It' »- n- r»( t'vi''<^OKSi, 
<4 **. . d.m. 4 ■ * 4 ‘ •itqvB 


*«-.4 .«r A-rtiw ^ •*•■ ■*! ’if 




COKFTDEMTAL 

NACA EM No. L6K20 

TABLE I 

DIMENSIONS OP TEE ]»I-1 GLIDER 

Wing: 

Span, fact I 9.6 

Wing area, square feet 215 .0 

Aspect ratio 1*8 

Airfoil Section Approximately NACiv 0015"64 

Thiclcness, percent chord 15 

Point of greatest thickness, percent chord ^ 

Root chord, feet ^0-75 

Mean geometric chord, feet 10-97 

Wing twist, degrees - 0 

Dihedral, degrees 0 

Sweephack (L.E.), degrees 60 

Sweepfoiverd (T.E.), degrees I 5 

Vertical location of center of gravity, percent root chor’d 

from chord line 0 

Horizontal location of center of gravity, percent root chord 50 

Horizontal control siOT’aces: 

Total eleven area, square feet 23.3 

Eleven chord, feet 1-95 

Eleven hinge location, percent chord 27 

Elevator angle range, degrees 28 to -Sk 

Aileron angle range, degrees 21 to -21 

Total trim flap area, square feet 6.97 

Trim flap chord, feet I .38 

Vertical tail: 

Height, feet 8.58 

itrea, (to chord line of wing) square feet 89.6 

Aspett ratio 82 

Airfoil section Approximately llkCA C015-6k 

Thickness, percent chord 175 

Point of greatest thickness 40 

Root chord, feet 19-7 

Angle of sweephack (L -E . ) , degrees 65 

Angle of sweepf orward (T .E . ) , degrees 0 

Rudder area, square feet 8.01 

Rudder chord, feet I .32 

Hinge location, percent 27 

Rudder angle, degrees 

NATIONAL ADVISORY 
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Fig. la 




Figure /.- Dimensions 
are m inches.) 


of the DM~I ghder. (AH dimensions 


Fig. lb 
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Ch) D/mens/ons of the sharp leading edges 
ond of the elevon control slots. 


F/gure L~ Concluded- 
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(a) Original configuration; three-quarter side view. 


Figure 2.- 


The DM-1 glider mounted on the Langley full -scale -tunnel 
balance supports. 
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(b) Vertical fin removed; side view. 
Figure 2.- Continued. 
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Fig. 2c 



(c) Vertical fin removed and semispan sharp leading edge attached; 

top view. 
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Figure 2.- Concluded. 
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Fig. 3 
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Figure 3 r Aerodynamic charocf eristic of the DM- 1 
glider with and without sharp leading edges. 
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Fig. 4a 
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(a) Original DM-1 glider. 

Figure 4." Tuft surveys of the flow over the DM-1 glider. 
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Fig. 4b 



a — 18.9 



CONFIDENTIAL ^ = 31.4 

(b) The DM-1 glider with semispan sharp leading edge 

installed. 


Figure 4.- Continued 
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Fig. 4c 



a = 14.5 



a= 34.8 CONFIDENTIAL 


(c) Wing of the DM-1 glider with eleven control slots open. 

Figure 4.- Continued. 
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Fig. 4d 



a = 14.5 



a = 34.5 CONFIDENTIAL 

(d) Wing of DM-1 glider with elevon control balance 

slots sealed. 


Figure 4.- Continued. 
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Fig. 4e 



a = 14.5 



a = 34.3 

(e) Wing of DM-1 glider with eleven control balance slots 
sealed and semispan sharp leading edge installed. 

Figure 4.- Concluded. CONFIDENTIAL 
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Fig. 5 
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of flow over 


a triangular wmg 
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(c) Elements of flow over 
a triangular wmg at low 
Reynolds numbers or 
over a triangular wmg 
having a sharp leading 
edge. 
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(b) Elements of the 
vertical component 
of flow over 
section /!A. 



(d) Elements of the 
vertical component 
of flow over 
section B5. 
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Figure J.~ Diagrams of the flow over triangular wmgs. 


Fig. 6 
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